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ABSTRACT

Sun, Jianzhuo. M.S.A.A., Purdue University, May 2014. Biaxial Shear/Tension Failure
Criteria of Spectra single fibers. Major Professor: Weinong Chen.
An experimental study was conducted to develop the biaxial failure surface criteria of
single Spectra 130d and 100d filaments in a torsion-tension environment. The crosssectional profiles of single Spectra fibers were investigated using scanning electron
microscopy and X-ray computed tomography. A pin-gripping method to fix the ends of a
polyethylene single fiber was developed. Effects of pin diameter on failure stress for both
Spectra 130d and 100d were characterized. It was found that the perturbed stress field effect
can be neglected when the pin diameter is larger than 0.8 mm. Additionally, the effect of
the sample’s gage length on fiber tensile strength was investigated. The gage length of 5.5
mm was determined as an appropriate length for single fiber samples under stress-wave
loading.
A twisting apparatus was built for a single fiber to achieve specific degrees of shear strains.
Quasi-static experiments were conducted using an MTS servo-hydraulic system to apply
tensile loads on pre-twisted Spectra fibers. A tension Kolsky bar was employed to study
the biaxial shear/tensile behavior of Spectra fibers at high strain rates. A decreasing trend
of tensile strength, with increasing torsional strain, for Spectra fibers was observed.
Furthermore, a torsional pendulum apparatus was developed to determine the torsional
shear stresses in fibers at various levels of axial loading. The relationship between apparent

x
shear stress and axial stress was discovered. Finally, a biaxial shear/tension failure criterion
envelope of each of the Spectra fibers was established. Scanning electron microscopy
images revealed the specific feature on the surface of twisted fibers and fracture surface of
failure fibers.
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CHAPTER 1. INTRODUCTION

1.1

Background

High performance fibers are extensively used in body-armor, aircrafts, and automobiles.
Since the first generation of bullet proof vest was developed in 1960s, a great number of
research has been done to improve the ballistic resistance [1]. Various mechanisms can
influence the ballistic impact performance of woven fabrics, including material properties
of fibers, the fabric structure, the projectile geometry and velocity, the interaction of
multiple plies, the far-field boundary conditions, and the friction between the yarns
themselves and between the yarn and projectile [2]. Multi-scale research has been done to
understand the mechanism of high performance fabrics resisting ballistic threats.
As the basic unit of a fabric system, the behavior of a single yarn under transverse impact
is described at the very beginning. When a projectile impact on a yarn, two waves are
generated from the impact point. The generated longitudinal wave, which is a tensile
wave, travels toward to the ends of the yarn at the sound speed of the fiber, and pulls the
particles on the yarn towards the impact point. At the same time, the striker pushes the
yarn forward in the transverse direction, as shown in Figure 1.1 from [3]. The generated
transverse wave keeps propagating to the ends, until the tensile strain of fiber at the
impact point reaches the failure strain.
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Figure 1.1 Projectile impact on yarn (from [3])

The first analytical investigation in the transversely impacted response of string was done
by Cole [4]. The longitudinal wave speed and transverse wave speed for elastic tensile
fiber behaviors were found. This theory was greatly improved by Smith [5]. A set of
equations, which were used to predict the velocities of transverse and longitudinal waves,
were found for general polymeric materials. In this theory, tensile properties of fiber are
directly related to the velocities of waves, which affect the energy dissipation speed and
efficiency. With the help of high speed cameras, transverse waves of yarns under impact
loading were recorded and measured by Field [6], Song and Park [7]. The speeds of the
observed transverse waves were basically the same as the predictions by the classical
theory.
For fabric armor systems, the wave propagation fashion was found to be similar to the
wave propagation in a yarn under transverse impact by Cunniff [2]. When a striker
impacts on a fabric, the striker pushes the contacted yarns forward. The contacted yarns
can also be named as principal yarns. Longitudinal waves propagate to the boundary
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along the principal yarns. The transverse deflections of principal yarns drag the
intersected yarns out of the fabric system. It was found by Roylance [8] that the principal
yarns were the main energy carriers. The impact energy transfers to the strain and kinetic
energy of principal yarns, and dissipates away from the impact point, as shown in Figure
1.2 from [9].

Figure 1.2 Sphere impacting a single ply of fabric (from [9])

A considerable amount of experimental work has been done to understand the failure
mechanism of fabric under impact condition. The ballistic limit (V50) velocity is the most
significant parameter to measure the ballistic performance of the fabric system. This is
the velocity at which impacting striker are expected to penetrate the fabric system at 50
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percent possibility. The higher value of V50, the better ballistic resistance of the armor
system.
A large amount of work was done by Cunniff to investigate the possible factors affect the
value of V50 for textile based armor system. Based on empirical work [10-12], a
dimensionless equation was generated to relate the known influencing factors to ballistic
limit [13], which was shown in Equation 1.1.
𝑉

Φ ((𝑈 ∗50
,
)1/3
where:

𝐴𝑝 𝐴𝑑
𝑚𝑝

𝜎𝜀

)=0

𝐸

𝑈 ∗ = 2𝜌 √𝜌

(1.1)
(1.2)

In the above equations, σ is the failure axial tensile stress of fiber, ε is the failure strain of
fiber, ρ is the density of fiber, E is the longitudinal modulus, Ap is the presented area of
projectile, mp is the mass of projectile, V50 is the ballistic limit, Ad is the areal density of
system. With the help of Cuniff’s equation, the ballistic limit of a specific armor system
can be predicted by knowing the parameters of this system, without doing shooting tests.
Additionally, Cuniff’s equation can be utilized to optimize the parameters of the armor
system, to achieve higher value of V50.
The second dimensionless parameter is related to the projectile and the configuration of
armor system. The weaving cover factor effect was investigated by Chitrangad [14]. It
was found that if the weaving factor is too large, the fibers would be damaged in the
weaving process. While, small weaving factors may cause the inefficiency of energy
dissipation in the fabric. It was found that the amount of energy absorption for double-ply
fabric system was not necessarily twice the energy absorption for a single-ply system [2,
15]. Additionally, it was claimed that the failure mechanism of fabric system was highly
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dependent on the geometry of projectile. At the same time, the effect of projectile’s shape
on the performance of armor system decreases with an increase in the number of fabric
layers [15, 16].
In the first dimensionless parameter of Equation 1.1, U⃰⃰⃰⃰ is the product of strain wave
speed and fiber specific toughness, which determines the energy dissipating speed and
efficiency and is directly related to the tensile properties of fiber.
As we discussed above, the tensile properties of fiber plays a critical role in ballistic
resistance of bullet proof vest, studies have been conducted to investigate the tensile
properties of high performance single filaments. Effects of gage length on the tensile
strength of fiber were investigated. It was found that the tensile strength decreases with
an increase in the gage length for aramid fibers, which include Kevlar and Twaron [17].
It was reported that the gage length effect was not significant for Spectra 900 fibers, from
the gage length of 10 mm to 200 mm [18]. Efforts have been done to load the high
performance filament to different tensile strain rates. The failure stress of Spectra 900
fiber showed a positive relation with the tensile strain rates, from 0.004/min to 1.9/min
[18]. The tensile strength of Spectra 900 inclined from 2.13 GPa to3.34 GPa. Aramid
fibers showed higher ultimate tensile stress at strain rate of 1000/s than quasi-static
loading rates [17, 19]. Meanwhile, a vast number of research has been done to describe
the compressive behavior for different types of fibers [20-25].

1.2

Motivation

Among the studies for armor systems of Spectra material, it was claimed that although
the ballistic resistance of Spectra multi-ply armor system was extraordinary, the
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performance of the system was still below expectation, which was predicted from a single
layer ballistic resistance data [2]. The representative results are shown in Figure 1.3 and
1.4.

Fabric Energy (J)

Ballistic resistance of 215 denier Spectra 1000
250

Multiple-ply armor system
experimental data

200
150

Predicted data from single layer
data

100
50
0
0

0.2

0.4

0.6

Areal Density (g/cm2)
Figure 1.3 Ballistic resistance of 215 denier Spectra 1000 (from [2])

Ballistic resistance of 375 denier Spectra 1000
Fabric Energy (J)

250
200
Multiple-ply armor system
experimental data

150
100

Predicted data from single layer
data

50
0
0

0.2
0.4
Areal Density (g/cm2)

0.6

Figure 1.4 Ballistic resistance of 375 denier Spectra 1000 (from [2])
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As can be seen from Figures 1.3 and 1.4, fabric energy is the difference between the
initial kinetic energy of projectile and the kinetic energy of projectile after the projectile
passes through the armor system. Areal density is defined as the mass of fiber over a unit
of area. For both 215 denier and 315 denier Spectra 1000 armor systems, the predicted
fabric energies are significantly higher than the experimental results. Additionally, the
ballistic resistance of Spectra fabric armor system was also below than the prediction
from Cunniff’s equation [3]. This phenomenon was attributed to the added transverse
stresses and extra constraint, which were induced by the additional plies. It is highly
suspected that transverse/longitudinal stresses failure appeared at impact point in multiply armor system.
Furthermore, it was claimed by Lim [15] that the ratio of the energy absorbed by a
double-ply Twaron fabric system over the energy absorption in a single-ply system was
larger than two. Interestingly, this discrepancy was also attributed to shear effects, though
the result was contrary to Cunniff’s result. Due to the thickness of the front ply, the back
ply was less lightly affected by the shear stress, which was caused by the edge of the
striker shearing across the fabrics. Thus, the back ply can absorb more energy than the
front one before it breaks. The total energy absorbed by the double-ply system was more
than two times than the energy absorbed by the single-ply system.
Besides, from the yarn transversely impact experiments [26, 27], the breaking speeds
measured from experimental work were lower than the estimated breaking speeds by
Smith’s theory, which is shown in Table1.1. Breaking speed is the minimum speed of the
projectile to break the yarn.
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Table 1.1 Breaking speed for different types of yarn (from [26])
Yarn

Breaking speed from experiment

Breaking speed from

(m/s)

classical theory (m/s)

KM2 S5705

621-634

934

Dynemma SK-65

517-583

1100

PBO

523-610

1105

A hypothesis, which may explain this discrepancy, was given by Walker [27]. When the
projectile hits the yarn, the yarn bounces off the surface of the projectile at twice
impacted speed. The front surface of the projectile is considered a flat-surface, compared
to the width of the yarn. Only one point on each side of the flat face is contacted with the
yarn. Four longitudinal waves are generated on the two points. Two of the longitudinal
waves propagate inwards to the impacted point, and the others propagate outwards to the
ends of yarn. The magnitude of stress and strain in the yarn becomes doubled when the
two longitudinal waves meet in the center of the yarn, which causes the experimental
breaking speed to be lower than the prediction. Another explanation supported by some
other researchers, including the writer of this thesis, is that complex loads of tension,
shear, and compression are acting on the fibers when a projectile is trying to break a yarn.
The multi-axial loading causes the transversely impact performance of the yarn to be
lower than the prediction by Smith’s theory.
Thus, as discussed above, understanding the mechanical property of a single filament
under multi-axial loading has a great benefit of uncovering the failure mode of high
performance fabrics and yarns under ballistic threat. However, a vast number of work has
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been conducted to investigate the mechanical response of high performance fibers under
pure tension and compression respectively. Very limited work has been performed in
understanding fibers response when loaded in multi-axial conditions. To better
understand the mechanical behavior of fiber under multi-axial loading conditions, efforts
were made to investigate the failure criteria of Spectra fibers under biaxial shear/tension
in this study.
Among previous biaxial loading studies, the ultimate tensile stress of Kevlar 49 fiber
decreases significantly after the applied torsional strain goes to 10%, which was found by
Deteresa [28]. Meanwhile, it was reported that the apparent or measured shear modulus
of high performance fibers increases with an increase in axial loading by various previous
studies [29-31]. A linear function was found to relate the measured shear modulus with
tensile stress for Kevlar 49 by Allen [29].
Recently, to uncover the effect of shear on tensile properties under dynamic loading
condition for Dyneema SK76 fiber, an investigation was done by Hudspeth [32]. Spectra
100d and 130d, as the competitors of Dyneema Sk76, were investigated to study the shear
effect on tensile strength at various strain rates in this research. The experimental
procedure, which was developed by Hudspeth, was adopted to develop the biaxial
shear/tension failure surface for Spectra 100d and 130d fibers.

1.3

Spectra Fibers

Spectra fiber is a kind of ultra-high molecule weight polyethylene (UHMWPE) fiber,
which is manufactured by Honeywell. The basic unit of UHMWPE fibers is an extremely
long chain of polyethylene, which consists of 105 or more CH2 groups [33]. This is the
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reason why UHMWPE fibers is ideally much strong than aramid fibers. For aramid
fibers, the bond between each atomic groups are hydro-carbon bonds. For UHMWPE
fibers, carbon-carbon bonds connect each CH2 groups. These chains aggregate to a
micro-fibril, which are 1000-2000 nm long, and 5 nm in diameter. Along the micro-fibril,
a 4-5 nm long “amorphous” domain is distributed periodically between two crystalline
domains [34]. Several micro-fibrils form a 100-150 nm diameter’s macro-fibril by Van
der Waals force [35]. Eventually, macro-fibrils aggregate to a single filament, of which
diameter is at micrometer scale. The morphology of a single Spectra fiber is shown in
Figure 1.5.

Figure 1.5 Schematic of micro- and macro-fibrillar structures of PET, Kevlar, and
Spectra fibers [33].

Generally, the manufacturing procedure of Spectra fibers includes melting, spinning,
drawing, and heat treatment [36-37], as shown in Figure1.6. Mechanical properties of
fibers, including young’s modulus, tensile strength and failure strain, are mainly affected
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by draw ratio and draw temperature. Under different draw ratios and draw temperatures,
the Spectra fibers with the same chemistry composition can perform distinct mechanical
properties.

Figure 1.6 Schematic representation of the solution spinning/drawing process (from [36]).

Table 1.2 Spectra fibers parameters from Honeywell
Spectra Fiber

Weight/Unit

Ultimate Tensile

Density (g/cc)

Filament

Type

Length (denier)

Strength (Gpa)

100

100

3.47

0.97

40

130

130

3.25

0.97

40

Tow

The Spectra fiber used in this study is Spectra 100 denier fiber and Spectra 130 denier
fiber. Denier is defined as the weight (in gram) of the fiber yarn for 9000 meters. The
basic information for Spectra 100d and 130d is shown in Table 1.2, provide by
Honeywell. Base on the data of density and weight/length, the following result of Spectra
single filaments can be expected, as shown in Table 1.3.
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Table 1.3 Spectra single filaments parameters
Spectra Single

Cross-sectional

Weight/Length

Diameter (um)

Filament Number

Area (um2)

(denier)

100

286.25

2.5

19.09

130

372.13

3.3

21.77
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CHAPTER 2. METHODOLOGY

2.1

Imaging Technique

The goal of this project is to determine the effect of applied shear stress on the residual
tensile strength for both Spectra 100d and 130d single fibers. When determining both the
axial and shear stress levels of the pre-twisted filaments, understanding the fibers’ crosssectional geometries along the entire gauge length is imperative. Since the expected
diameter of 130d and 100d fibers are around 20 um, the magnification of optical
microscope is insufficient to detect the diameter of them. To investigate the profiles of
the fibers, scanning electron microscopy and X-ray tomography techniques were utilized.

2.1.1

Scanning Electron Microscope

Scanning electron microscope is a type of electron microscope. An electron beam is
utilized to scan the surface of the specimen. Due to the interaction between the electron
and the atoms, various signals are produced and detected by the detector. With the
information contained in the signal, the sample’s surface topography can be
reconstructed.
The FEI Nova 200 Dual Beam TM-SEM/FIB at Birck Nanotechnology Center, West
Lafayette, Indiana was applied to detect the profiles of Spectra fibers and investigate the
failure mechanism of Spectra fibers, which is shown in Figure 2.1. Despite the ultra-high
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resolution field emission scanning electron microscopy (SEM), FEI Nova 200 also has a
precise focused ion beam (FIB) and platinum deposition.

Figure 2.1 FEI Nova 200 Dual Beam TM-SEM/FIB

One meter-long single filaments of Spectra fiber were carefully extracted from the bundle
and then attached on a large cardboard. Three sections of fiber were cut from three different
locations of each fiber. The distance between each two out of the three locations was at
least 0.3 meters. This way, the diameter of the fibers can be measured in a relatively long
range. Then, each three sections from different single fibers were mounted on an aluminum
block, whose surface was conductive, by using carbon tape. Since the surface of specimen
for SEM must be conductive, Hummer ® 6.2 Sputter System was used to coat a thin layer
of AuPd on the UHMWPE fiber surface. Coated fibers were imaged with ultra-high
resolution field emission scanning electron microscopy at 10 kV acceleration voltage. The
diameters of the specimens were then measured and analyzed.
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In order to observe the cross-sectional shapes of the Spectra fibers directly, the focused ion
beam was used to mill single filaments in an effort to unveil the cross-sectional geometry.
A stepwise voltage/current milling process has been utilized in order to ensure minimal
damage to the fiber surface. Next, platinum deposition was used to coat the new created
surface to make it detectable by SEM.

2.1.2 X-ray Tomography Technique
X-ray tomography technique is an imaging technique that uses projections of highly
coherent X-ray from different direction to produce tomography images. With the help of
digital geometry processing, these a large series of tomography images can be
reconstructed as a three dimensional image [39].
To further investigate the profiles of Spectra fibers, X-ray tomography work has been
performed at beam line 2 BM-B, Advanced Photon Source, Argonne National Lab,
Lemont, Illinois. Single filament and yarn were placed on a static load device, which was
mounted a rotatable stage, and then carefully stretched straight and perpendicular to the
X-ray beam. It was required that no axial force was detected by the load cell.
A scintillator was used to obtain the transmitted X-ray and convert it into optical light. A
CCD Camera was used to capture the optical light and record images. In all images, the
resolution is 0.65 um*0.65 um per pixel. In each scan, 1500 images were taken during
half resolution with exposure time of 50 msecs. The velocity of the rotatable stage is 0.5
degrees per second.
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Figure 2.2 Schematic of X-ray tomography apparatus

2.2

Sample Preparation

Generally, for single filament sample preparation of tensile test, a single filament is laid
straight on a cardboard with a punched hole. Appropriate adhesive is used to attach both
sides of a fiber to the edges of the punched hole of the card board substrate, as shown in
Figure 2.3. This way, a specimen of which gage length is as the same as the punched hole
is prepared.
However, due to the extremely high slipperiness of the surface of ultra-high molecular
weight polyethylene fiber, no cyanoacrylate-based adhesive and epoxy-based adhesive
were found to be able to bond Spectra single fibers effectively. A pin-gripping method
was established to hold the ends of fibers.
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2.2.1 Pin-Gripping Technique
To prepare a 5.5-mm gage length sample, firstly, a single fiber was cut to 6 cm long
single filament. Secondly, super glue and accelerator were used to attach both ends of the
filament on two small rods (pins) respectively. Thirdly, a fiber about 2 cm long was
wrapped on one of the pin, and then the pin was attached on a punched cardboard
substrate, at the edge of the 5.5 mm diameter hole. The other pin was then wrapped with
rest of the fiber around itself, and attached to the other side of the hole, as shown in
Figure 2.4. Both left and right sides of cardboard substrate would be cut after the
specimen were mounted on the loading apparatus.

Figure 2.3 Adhesive gripping sample for

Figure 2.4 Pin-gripping sample for single

single filament tensile experiments

filament tensile experiments

2.2.2

Fiber Twisting Technique

A twisting apparatus was built for single fibers to achieve specific degrees of shear strains,
as shown in Figure 2.5
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Figure 2.5 Experimental apparatus used to twist a single fiber

Each time, a single 6cm long filament with pins, as described previously, was twisted using
this apparatus. One of the pin was attached on the axis of an electric drive motor, which
provides torque to twist the filament. The other pin was attached by double-sided adhesive
tape to the slide bearing, which can easily move on an aluminum shaft so that minimum
tensile pre-stress in fiber was generated in this twisting process. A bike speedometer was
modified and utilized to record the rotation of the motor. The number of rotations needed
to twist each fiber to achieve specific shear strains, was determined by the apparent shear
strain equation of cylinder, which was given by
𝛾𝑚𝑎𝑥 = 𝑟𝜃 =

𝑟𝛷
𝐿

(2.1)

where r is the radius of fiber, θ is the rate of twist, Φ is the angle of twist, L is the gage
length of the fiber, Single filaments were rotated to levels of 7%, 14%, 21%, 28%, 35%,
42%, and 49% apparent torsional strains, respectively. The numbers of rotations for each
shear strains, and each types of fibers are listed in Table 2.1. The twisted filaments with
pins were then mounted on the cardboard substrate as previously described.
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Table 2.1 Number of rotations for specimens
Levels of Torsional Strain

Numbers of Rotation for Numbers of Rotation for
Spectra 130d

Spectra 100d

7%

61

70

14%

123

140

21%

184

210

28%

246

280

35%

307

350

42%

368

420

49%

430

490

2.3

Loading Devices

According to aforementioned studies [14-17], different high performance fibers show
different levels of loading strain rate effects on tensile properties. To apply different
tensile strain rates on the Spectra filament, an MTS hydraulic servo system and a
miniature Kolsky tension bar were employed.

2.3.1

MTS Hydraulic Servo System

An MTS 810 system was utilized to apply quasi-static loads on the fibers. The system can
provide a constant crosshead speed up to 4m/s. A linear variable differential transformer
(LVDT) was embedded in the system to measure the displacement of the crosshead. A
SMT1-1.1 load cell was suspended on the apparatus to measure the axial forces of the
fibers. Following the guidance in the standard of ASTM D3379-75, the previously-
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described specimens were mounted to the MTS system appropriately. A schematic of the
low-rate experiment system is shown in Figure 2.6.

Figure 2.6 Schematic of the MTS system

After both left and right sides of the substrates were cut, the fiber specimens were pulled
using the MTS system. The loads and displacements histories of samples were recorded
using a data acquisition system, as shown in Figure 2.7.
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Figure 2.7 Representative signals of the MTS system

In order to eliminate the tensile pre-stress, the crosshead of the MTS moved in the
opposite direction to the pulling direction at first. Once the distance between crossheads
was shorter than original gage length, tensile loading was applied on the specimen. The
fiber was then pulled to failure, which can be seen from the displacement signal (green
line) and the force signal (blue line) in the figure above. With further analysis, stress and
strain histories of the sample were found and shown in Figure 2.8.
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Figure 2.8 Representative stress and strain history of the specimen

From the blue line in the above figure, it can be indicated that the tensile stress in the
fiber didn’t keep going up and dropped to a lower level several times. It may mean that
the fiber somehow slides out from the pin during the pulling process. Unfortunately, no
solution has been found to prevent the fiber from sliding yet, thus only the value of
failure stress was adopted in this experiment.

2.3.2

Miniature Kolsky Tension Bar

A miniature Kolsky tension bar was utilized to apply dynamic loads on the fibers. This
miniature Kolsky tension bar was built based on the concept of the Split Hopkinson
Tension Bar technique. A conventional SHTB consists of an incident bar and a
transmission bar, and sample is mounted between them. Typically, a tensile stress wave is
sent on the end of incident bar, which propagates through the incident bar, and then passes
through the specimen, and transmits to transmission bar. With the help of the strain gauges
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on both incident bar and transmission bar, incident wave, transmission wave, and reflection
wave can be recorded. With these data, the stress and strain history of the specimen can be
reconstructed [39].
However, because the force that is transmitted through Spectra fibers are too small (less
than 1.5 N), the conventional strain gage can hardly distinguish the transmitted force signal
and system background noise signal. Thus, as introduced by a previous study [19], a high
resolution quartz crystal load cell was fixed on the other end of the sample and replaced
the transmission bar to detect the loads history of the specimen, which is shown in Figure
2.9.

Figure 2.9 Schematic of miniature Kolsky bar

The loading device consists of a pressure storage vessel, a Teflon flange, and a striker tube.
The striker tube is accelerated by a Teflon flange, which is pushed by the released air from
the pressure storage vessel. And then, the accelerated striker tube hits on the flange, which
is at the end of the incident bar. A longitudinal tensile stress wave, which propagates to the
other end of the bar, is generated by the impact.
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A pair of strain gauges are attached at the middle point of the incident bar, symmetrically
on the bar surface across a bar diameter, which can reduce the bending effect on the strain
signal of the incident bar. The tensile stress wave passes through the strain gauges and
reaches the end of the bar. According to the one dimension wave propagation theory, the
incident wave divides to a reflected wave and a transmitted wave, as shown in Figure 2.7.

Figure 2.10 Testing section of a miniature Kolsky bar

The velocity of the two ends of specimens can be express by Equation 1.2 and 1.3:
𝑉1 = 𝐶𝐵 (𝜀𝐼 − 𝜀𝑅 )

(2.2)

𝑉2 = 𝐶𝐵 𝜀𝑇

(2.3)

where V1 is the particle velocity at the interface between incident bar and specimen, V2 is
the particle velocity at the interface between specimen and load cell, εI is the strain
amplitude of incident wave, εR and εT are the strain amplitudes of reflected wave and
transmitted wave, respectively, CB is the longitudinal wave speed of the aluminum
incident bar. The engineering strain rate can be written as Equation 1.4:
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𝜀̇ =

𝑉1 −𝑉2

(2.4)

𝐿𝑠

where Ls is the gage length of the specimen, 𝜀̇ is the strain rate of the specimen. Due to the
huge impedance mismatch of Spectra fibers and the 0.5 in diameter incident bar, the
transmitted wave is negligible. Thus, the amplitude of V2 can be treated as 0. The
engineering strain rate of specimens can be rewritten as Equation 1.5:
𝑉

𝜀̇ = 𝐿1 =

𝐶𝐵

𝑠

𝐿𝑠

(𝜀𝐼 − 𝜀𝑅 )

(2.5)

The strain of the specimen can be written as the integration of strain rate over the period,
from time of the loading beginning to the fiber failure:
𝑡

𝜀 = ∫0 𝜀̇ 𝑑𝑡 =

𝑡
∫ (𝜀
𝐿𝑠 0 𝐼

𝐶𝐵

− 𝜀𝑅 )𝑑𝑡

(1.6)

Figure 2.11 A typical set of signal of Kolsky bar system

The strain histories of incident and reflect waves were detected by the strain gauges on
the bar. The loads histories of specimens were detected using the load cell on the other
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end of specimens. Both strain signals and load signals were recorded with an
oscilloscope. A typical set of signal is shown in Figure 2.11. After an increasing ramp of
70 μs, the strain gauge signal keeps at a certain strain level for about 130 μs. The strain
rate histories of the specimen can be calculated using the previously-introduced equation.
A typical strain rate and engineering stress history of the fiber is shown in Figure 2.12.

Figure 2.12 Typical stress and strain rate histories on specimen

As can be seen from the Figure, at first 70 μsecs, the fiber was pulled at increasing strain
rates, from 0-560/s. The specimen was then pulled to failure at a constant strain rate of
560/s. It is important to note that the stress curve indicates that the fiber also slides out
some from the pins at high rate loading. Thus, the strain histories were not the actual
strain response of specimens, so the stress-strain curve of the fiber obtained from this
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experiment wasn’t adopted. However, the failure stress of the fiber was credible, and
utilized in the following study.

2.4

Torsional Pendulum Apparatus

Pendulum circular disc, which was used to study the shear modulus, was developed by
Deteressa [28]. In order to determine the amplitudes of shear stresses in fibers on difference
levels of shear strains and elevated axial stresses, a video based pendulum apparatus
experimental procedure was reported by Hudspeth [32]. This method was modified and
applied to investigate the shear stress in twisted Spectra fibers, as shown in Figure 2.13.
Details of the experimental procedure are introduced in the following paragraph.

Figure 2.13 Torsion pendulum apparatus

As aforementioned, twisted fibers, with torsional strains of 14%, 21%, 28%, 35%, 42%,
and 49%, were wrapped around the pin and then attached onto the cardboard substrates.
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Next step, one end of the substrate was glued to a set screw. The connected set screw was
then threaded into a circular aluminum disc. The other end of the substrate was clamped
on a rigid frame on the apparatus. Both left and right sides were cut to let the disc freely
rotate. It is also important to note that the pin and cardboard at the bottom should be cut as
much as possible, to decrease aerodynamic drag during rotation. Additionally, a transparent
plastic housing was used to isolate the pendulum to the ambient environment, in order to
reduce the impact of air flow. A Panasonic SDR-H100 camera with a frame rate of 30 fps
was used to record the rotation history. The video was further analyzed to obtain the angular
acceleration data of the pendulum. Four different weights of circular discs with the same
diameter were used to achieve four elevated axial stresses for each shear strains. To
eliminate the effect of humidity and temperature effect of the high performance fibers [40],
the experiments were conducted in a constant temperature and humidity lab, of which the
temperature is 22.5 degrees and humidity is 35%. In consideration of the stress relaxation
effect to the fiber [41], experiments were performed within 24 hours after the fiber got
twisted.
It is important to note that the gage length of the sample was 2 cm, so the shear strains in
the fiber only decrease around 0.15% after first the rotation, and then the torsional force
can be treated as constant in the period of the first rotation.
During the first free rotation of discs, the angular acceleration of the disc can be related to
the torque applied on the disc, by Equation 2.6:
𝑇 = 𝐼𝛼 =

𝑚𝐷 2
8

𝛼

(2.6)
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where T is the total torque applied on the disc, I is the inertia of the pendulum, α is the
angular acceleration of the disc, m and D are the mass and diameter of the disc,
respectively.
Since the level of air flow and friction effects can be ignorable, the torque that applied on
the disc was inherited from the twisted fiber. The exhibited torque of the fiber can be also
expressed as the summation of the moments of all the elements, which spread on the
cross-section of the fiber, as shown in Equation 2.7
(2.7)

𝑇𝑓𝑖𝑏𝑒𝑟 = ∬𝐴 𝑑𝑀

where M is the moment of each element. It is reasonable to make the assumption that the
shear stress of each small element is a linear function of its radial location. The moment of
the small element can be described as the production of its local shear stress, the distance
between the centerline and the element, and the area of the element, which is shown in
Equation 2.8:
𝜌

𝜌

𝑑𝑀 = 𝜏𝑚𝑎𝑥 𝑟 × 𝜌 × 𝑑𝐴 = 𝜏𝑚𝑎𝑥 𝑟 × 𝜌 × 𝜌𝑑𝜌𝑑𝜃

(2.8)

where τmax is the shear stress at the outer surface of the fiber, ρ is the distance from
centerline to each element, A is the area of the element. Then, Equation 2.8 can be
described as Equation 2.9:
2𝜋

𝑟

𝑇𝑓𝑖𝑏𝑒𝑟 = ∫0 ∫0 𝜏𝑚𝑎𝑥

𝜌3
𝑟

𝑑𝜌𝑑𝜃

(2.9)

After integrated over the cross-sectional area of the fiber, and then replace radius of the
fiber r with diameter of the fiber d, the torque of the fiber can be expressed as Equation
2.10
𝜋

𝑇𝑓𝑖𝑏𝑒𝑟 = 16 𝑑 3 𝜏𝑚𝑎𝑥

(2.10)
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Eventually, a relationship can be found between the maximum shear stress of the fiber and
the angular acceleration of the disc, as shown in Equation 2.11
𝜏𝑚𝑎𝑥 =

2𝑚𝐷 2
𝜋𝑑3

𝛼

(2.11)

In the right side of the Equation 2.11, all the parameters are known, except angular
acceleration of the disc. By finding the angular acceleration from the recorded video, the
shear stress of the fiber can be determined.
The diameter of all the discs used in these experiments is 38.2 mm. The different weights
of discs utilized for different shear strains of fibers are listed in the Section 3.6.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1

Cross Section of Fiber

As described above, the diameter of fibers need to be determined before applying certain
shear strains on fibers. For Dyneema SK76, this cross-sectional profile was round in shape,
and consistent for long sections of single fibers (up to ~1 m) [32]. For Spectra 900, it was
found that the cross-sectional shape was not necessarily round [18].
For Spectra 100d and 130d, the top view images of fibers were taken via SEM. The typical
images of Spectra fibers are shown in Figure 3.1, and Figure 3.2.

Figure 3.1 Typical top view images of single Spectra 100d filaments

Figure 3.2 Typical top view images of single Spectra 130d filament
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The three sections of fiber in the set of images in Figure 3.1, are from a single filament of
Spectra 100d. The width of this single fiber is from 23.2 µm to 16.5 µm. The change in
width of the fiber is 1.8 µm, even in a 50 µm long gage length.
In Figure 14, the three sections of fiber came from a single filament of Spectra 130d
within a gage length of 2 cm. The width of this single fiber is from 20.0 µm to 26.1 µm.
The change in width of the fiber is 6.1 µm in the gage length of 2 cm.
As can be seen from Figure 3.1 and Figure 3.2, it can be speculated that the crosssectional profiles of both Spectra 100d and 130d are not round from the top view images
of them. To uncover the cross-sectional profiles of Spectra fibers, the focused ion beam
was utilized to cut fibers open. The section-view images of Spectra fibers are shown in
Figure 3.3 and Figure 3.4.

Figure 3.3 Typical cross-sectional images of Spectra 130d

For the right fiber in Figure 3.3, the cross-sectional shape looked like an ellipse, of which
long diameter is 26 µm and short diameter are 16 µm. For the left fiber in Figure 3.3, the
cross section was an irregular shape.
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Figure 3.4 Typical cross-sectional image of Spectra 100d

As can be seen from Figure 3.4, the cross-sectional profile of Spectra 100d looks like a
rounded rectangle. All these shapes discussed above are not desired. Efforts have been
made to ascertain that if a single filament with round cross-sectional profile exists. To
obtain the cross-sectional profiles for every 40 fibers in a yarn at once, aforementioned
X-ray tomography technique was utilized. A typical slice of X-ray phase contrast image
for Spectra 130d yarn specimen is shown in Figure 3.5. All the cross-sectional shapes of
every fiber in a yarn are revealed.
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Figure 3.5 X-ray slice of a Spectra 130d yarn

As can be seen from the above figure, not only do the cross-sectional shapes of Spectra
fibers show a great level of diversity, but also the areas of cross-sections. The one that
shows the largest cross-sectional area is marked in blue in Figure 3.5 and shown as a
magnified view in Figure 3.6B. A fiber that has relatively small cross section is marked
in yellow in Figure 3.5, and shown in Figure 3.6A

Figure 3.6 Comparison of cross-sectional areas for Spectra 130d
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After a roughly measurement of the area, the smaller area is around 340 µm2, and the
large one is around 750 µm2. So that the difference of cross-sectional area of Spectra
130d is considerable large. A single filament, which was marked in red in Figure 3.5, was
picked and tracked the change of cross section along a gage length of 1mm.

Figure 3.7 Cross-sectional variations of a single fiber over a 1-mm gage length

As shown in Figure 3.7, the cross-sectional shape changes from an ellipse to a triangle
along this 1-mm gage length. Meanwhile, the cross-sectional area changes from
maximum 450 µm2 to the minimum 430 µm2. Another set of cross-sectional slices of
another tracked fiber was shown in Figure 3.8. The cross-sectional shape also changes
distinctly. After all the other cross sections were checked, it was verified that few fibers
can keep the cross-sectional profile along the gage length of 1 mm.

Figure 3.8 Cross-sectional variations of a single filament over 1.2-mm gage length

In conclusion, single Spectra filaments possessed cross-sectional shapes which change
quite drastically along the fiber length, with the best samples (10% of the batch) only
possessing consistent cross sections within 1-2 cm. Additionally, Spectra filaments’ cross
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sections show an extreme level of variation among each fibers. Due to the impracticality
of finding the profiles for every specimen, average cross-sectional areas and diameters
were used to determine the applied shear strains. Because of the reason discussed above,
all the shear strains and shear stresses mentioned in this study are taken as nominal shear
strains and nominal shear stresses respectively.

3.2

Effect of Diameter of Pins on Tensile Strength of Fiber

As previously described, a pin-gripping method was used to fix the single fiber on the
cardboard substrates. Ends of fiber were constrained by the friction at the interface between
the pin and fiber. When a fiber passes over a pin, the fiber is bent by the pin, where the
bending curvature is as the same as the curvature of the pin surface. In consideration of the
stress concentration in the fiber, at which close to the pin, the effect of diameter of pins
were investigated.
Some previous researchers have used similar gripping methods to characterize the tensile
behavior of cables. It is important to note that if a cable is wrapped around a sheave with
both ends mounted on a loading device and then pulled to failure without sheave rotation,
the failure tensile stress of the cable will be less than the expected. The reduction of strength
increases significant with decreasing of the diameter of the sheave. It is clear that the
bending-induced changes in stress states cause the reduction of tensile strength of cable.
Additionally, aforementioned works have shown that if the ratio of the sheave diameter
over the cable diameter is larger than 35, the strength can be maintained at 95% of expected
value.
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Due to the similarity between the cable tensile experiments and fiber tensile experiments,
it is reasonable to believe that the wrapping angle of the fiber on the pin also affect the
ultimate stress of fiber. To discover the perturbed stress field effect at the end of fiber
imported by the pin, the effect of pin size was investigated.
As the description in sample preparation section, Spectra 130d were wrapped on four types
of pins with different diameters, and attached on punched cardboard substrate with 5.5-mm
gage length. The specimens were pulled to failure at strain rate of 0.01/s using the
introduced MTS system. The diameters of pins, the ratios of pin diameter D over fiber
diameter d, and the failure stress are listed in the Table 3.1, and plotted in Figure 3.9. At
least 25 valid experimental results were acquired for each pin diameter.

Table 3.1 Pin diameter effect on failure stress
Pin Diameter(mm)

D/d Ratio

Tensile Strength

Standard

(GPa)

Deviation (GPa)

0.37

18.5

3.43

0.52

0.5

25

3.65

0.41

0.8

40

3.92

0.35

1.2

60

3.91

0.36
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Failure Stress (GPa)
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1.3
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Figure 3.9 Pin diameter effect on failure stress of Spectra 130d

Fig 3.9 shows the variation of the failure stress of the Spectra single fibers over the
diameter of the pins. From the experimental results, there appears to be an increase in
tensile strength from small diameter pin samples to big diameter pin samples.
It also can be seen that pin size effects on tensile strength within the pin diameter from
0.8 mm to 1.2 mm is negligible. Interestingly, the tested filaments demonstrated a trend
where the standard deviation of tensile strength for each pin size decreases with an
increase in the pin diameter.

3.3

Effect of Gage Length on Tensile Strength

Although the failure mechanism of the UHMWPE fibers is not fully clear, most of the
researchers believe the fiber will break at one of the serious defects along the fiber.
Generally, with the gage length increasing, statistically more defects and larger severity of
defects could exist in the gage length. Thus, polymeric fibers are believed that the
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experienced strength will be smaller, with the longer gage length, which is also well-known
as “weakest-link” theory [42].
Generally, testing small scale fiber is easier, time saving, and cost saving. Especially for
high strain rates tensile experiments, long sample can’t be tested validly with a Kolsky bar,
due to the stress equilibrium issue. Understanding gage lengths effect on strength has a
great benefit to predict the strength in practical lengths.
Effect of gage length on tensile strength of untwisted fiber has been conducted for Spectra
100d and Spectra 130d at two strain rates. The experiments were performed using the
described MTS testing system. The results are listed in Table 3.2, and plotted in Figure
3.10, and Figure 3.11.

Tensile Strength (GPa)

Effect of gage length on Spectra Fiber tensile
strength at low strain rates (100d)
5.00
4.50
4.00

5.5mm

3.50

20mm

3.00
0.001

0.01
Strain Rate (/s)

0.1

Figure 3.10 Effect of gage length on tensile strength at low strain rates (100d)

Tensile Strength (GPa)
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Effect of gage length on Spectra Fiber tensile
strength at low strain rates (130d)
5
4.5
4
5.5mm

3.5
3
0.001

20mm
0.01
Strain Rate (/s)

0.1

Figure 3.11 Effect of gage length on tensile strength at low strain rates (130d)

Table 3.2 Results of effect of gage length on tensile strength
Spectra 100d
Gage

Legnth Strain Rate (1/s)

Tensile Strength (GPa)

(mm)

Standard Deviation
(GPa)

5.5

0.001

3.52

0.30

5.5

0.1

4.15

0.19

20

0.001

3.57

0.43

20

0.1

4.39

0.23

Spectra 130d
5.5

0.001

3.40

0.32
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Table B 1 continued.
5.5

0.1

4.00

0.35

20

0.001

3.43

0.37

20

0.1

4.11

0.34

As shown in Figure 3.10 and Figure 3.11, gage length of 5.5 mm and 20 mm were pulled
in tension at strain rates of 0.001/s, and 0.1/s. At least 18 valid experiments are behind
each points in these figures.
For a strain rate of 0.001/s, the 5.5-mm and 20-mm gage lengths exhibit very similar tensile
strength for both Spectra 130d and Spectra 100d. Thus it can be seen that the spacing
between each serious defects is smaller than 5.5 mm for strain rate of 0.001/s. No gage
length effect is evident at this strain rate.
Additionally, for both types of fibers, the tensile strengths at strain rate of 0.1/s for both
gage lengths are larger than the strengths at strain rate of 0.001/s. Previous researchers also
found this positive correlation between loading strain rate and ultimate stress for other
UHMWPE fibers [18].
Interestingly, for both types of fibers, the tensile strengths of 20-mm gage length are
slightly higher than the strength of 5.5-mm gage length fibers. This unexpected result can
be also found in some previous studies [18]. To apply the same strain rate for different gage
lengths, the crosshead speed for 20-mm gage length is about four times higher than the 5.5mm gage length. To the author’s knowledge, one possible reason is that a section of 20mm gage length breaks at a higher deformation speed due to the non-uniformity of crosssectional areas of Spectra fibers.
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3.4

Effect of Shear Strain on Tensile Strength

As previously described, shear effect on tensile strength of fiber is increasingly important
over time, especially when attempting to understand the failure mode of fibers under
transverse impact. Understanding the shear effect on tensile property of Spectra fibers is
also very valuable for the applications beyond the ballistic proof area, such as high
performance ropes and fishing lines, especially when braiding fibers to line.
The reduction of tensile strength is dependent on the torsional strain for Kevlar 49 fiber at
a quasi-static tensile loading condition, which was found by a previous study [28]. When
the applied torsional strain is smaller than 10%, the residual tensile strength drops slightly;
when the torsional strain is higher than 10%, the loss in the tensile strength of Kevlar drops
drastically. For UHMWPE fibers, Dyneema SK76 fibers maintain their original axial
tensile strength until 14% torsional strain at strain rates of 0.01/s and 600/s [32]. Moreover,
Dyneema SK76 fiber pulled at low strain-rates are more affected by increasing torsional
strain at high strain rates. Additionally, strain rate effects on twisted Dyneema SK76 fiber
is less than untwisted fiber.
For this study, specimens with gage length of 5.5 mm were pulled in both quasi-static
(0.001/s, 1/s), and high strain rate (560/s) tensile loading, with the MTS testing system and
the miniature Kolsky tension bar. The results of residual tensile strength versus the
maximum shear strains in fibers for both Spectra 100d and Spectra 130d are plotted in
Figure 3.12, and Figure 3.13.
To minimize the inter-filament difference, at each strain rate in Figure 3.12 and Figure 2.13,
10 single filaments were cut into 80 sections of fiber. Eight sections from the same filament,
were each twisted to the shear strains of 7%, 14%, 21%, 28%, 35%, 42%, and 49% using
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the described twisting apparatus. Thus, each points at the same strain rate line in the Figure
3.12 &3.13 represents 10 specimens from 10 different filaments from the same group.

Effect of Shear Strain on Spectra 130d Fiber
Failure Stress (Gpa)
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Figure 3.12 Effect of shear strain on Spectra 130d fiber

As can be seen from Figure 3.12, the tensile strength of untwisted Spectra 130d at a strain
rate of 1/s is distinctly higher than the tensile strength at 0.01/s. Meanwhile, for fibers
with 0% shear strain, the failure stress at the strain rate of 560/s is slightly higher than the
strength at 1/s, which means that the tensile strength of Spectra 130d is still affected by
the loading strain rate at relatively high strain rates.
As shown in Figure 3.12, compared to the trend line of 0.01/s, the tensile strength of the
higher strain rate reduces faster with respect to shear strain. It also can be seen that the
trend line of 1/s drops slower than the trend line of 560/s. It may be said that Spectra
130d fiber pulled at high-rates is more sensitive with increasing shear strain than at low-
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rates. Additionally, for all strain rates, fibers maintain their initial tensile stress until the
shear strain of 14%, and the failure stress will drop rapidly after the shear strain of 21%.

Failure Stress (GPa)
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Effect of Shear Strain on Spectra Fiber (100d)
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Figure 3.13 Effect of shear strain on Spectra fiber (100d)

Because of the non-uniformity of the cross sections of fibers, the standard deviations of
the residual strength are significant. Before making any conclusions, more experiments
need to be performed. However, it can also be seen that Spectra 100d also exhibits
similar strain rate dependent tensile strength for the untwisted fiber as Spectra 130d. With
an increase in strain rate, the tensile failure stress of the untwisted fiber increases.

3.5

Failure Mode

As previously described, the residual tensile strength of Kevlar 49 drops drastically under
quasi-static tensile loading when the torsional strain is higher than 10% [28]. The number
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of striation on the surface of Kevlar fiber was found to be actively correlated to the levels
of applied torsional strains. It was pointed out that the relative weak transverse
intermolecular bonding might break because of the increasing shear strain. The reduction
of the residual tensile strength was attributed to twist-induced slippage between
longitudinal segments and multi-axial loading for Kevlar 49.
For Dyneema SK76, the quantity of striations on the fiber surface was also found to be in
positive relation with the levels of shear strains [32]. However, it was observed via TEM
images that the surface cracks didn’t penetrate into the core of the fiber. It is more
reasonable that the reduction of residual tensile strength of Dyneema SK76 fiber is
attributed to multi-axial loading rather than the slippage of fibrils.
Another possible reason that can be used to explain the appearance of striations on the
surface of twisted fiber was proposed. The striations on the surface of fiber may cause by
the apparent compressive stress that induced from twisting. A small element on the
surface of fiber was picked, and the stress states of this element was shown in Figure
3.14.

Figure 3.14 Stress states of an element on the surface of twisted fiber
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Since shear strain was applied on the fiber, shear stress was applied on the element that
located on the surface of the fiber, as shown in the left side of Figure 3.14. The principle
stresses of this element can be found using Mohr’s Circle, as shown in the right side of
Figure 3.14. It is suspected that the striations on the twisted fiber is the buckling wrinkles
of the skin of the fiber. The striations run perpendicular to the direction of the
compressive stress.
For Spectra fibers, a scanning electron microscope was utilized to investigate the failure
mode of twisted fiber. As can be seen from Figure 3.1 &3.2, some striations already exist
on the surface of untwisted fibers. No significant increase in the number of surface cracks
occurred until the fiber was twisted to a nominal shear strain of 49%. As shown in Figure
3.15 and Figure 3.16, the configurations of twisted Spectra fibers were more similar with
twisted ribbons, rather than twisted cylinders, due to the cross-sectional geometry. Because
of this interesting configuration of Spectra fibers, the shear strain effect on transverse
bonding of the surface of fibers was relatively small.
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Figure 3.15 Post-tensioned Spectra 130d fiber at shear strain of 28%

Figure 3.16 Post-tensioned Spectra 130d fiber at shear strain of 49%
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The fracture surface of tensile tested fibers, of which the nominal torsional strains ranges
from 14%-35%, are shown in Figure 3.17. No significant indication was found that the
serious level of inter-fibril slippage was positively-correlated with the applied nominal
torsional strain levels. It may be said that the losses of residual strength of Spectra fibers
are the results of multi-axial loading.

Figure 3.17 Fracture surfaces of post-tensioned Spectra 130d filaments
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3.6

Shear Stress Determination

Shear effects on the tensile strength of fibers were neglected by previous researchers
focusing on fiber composite experiments and modeling [1, 2]. In a recent study, residual
tensile strength of Dynemma SK76 fiber was found to be a function of shear stress [32].
For Spectra fibers, tensile strengths of Spectra fibers were found to be a function of nominal
torsional strain. To fully understand the shear effect on tensile properties of fiber, nominal
torsional shear stress impact on ultimate tensile strengths of Spectra fibers were
investigated.
As mentioned previously, twisted Spectra 130d and Spectra 100d specimens were made
with a 20-mm gage length. Using the video-based torsional pendulum method, which was
introduced in section 2.4, the shear stress as a function of axial loading at various shear
strains was determined for both Spectra 130d and 100d, as shown in Figure 3.18 and 3.19.

Shear Stress (GPa)
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Figure 3.18 Maximum shear stress as a function of applied tensile stress for various level
of shear strain for Spectra 130d
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Figure 3.19 Maximum shear stress as a function of applied tensile stress for various level
of shear strain for Spectra 100d

As can be seen from Figures 3.18 and 3.19, the shear stress is approximately linearly related
to the tensile stress. Best-fit lines dependent on tensile stress were plotted for shear tress at
each nominal torsional strains. From another perspective: at a specific tensile stress, the
shear stress increases as a function of elevated shear strain. Interestingly, with an increasing
level of shear strain, the slope of the function of shear stress versus tensile stress increases,
which may imply that the shear stress is more sensitive with the increasing tensile stress at
higher levels of shear strains.
With these fitted linear functions, the magnitude of nominal shear stress when the fiber is
subjected to residual failure tensile stress can be predicted for each levels of torsional
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strains. Ideally, the points which represent the ultimate stress state for each torsional strains
should fall precisely onto the fitted line. Failure tensile stress for each shear strains was
plotted into each linear function by finding the corresponded tensile stress in the Figures
3.18 and 3.19.

3.7

Biaxial Failure Criteria

In order to emphasize the shear effect on tensile strength of fiber (Figure 3.20), the x-axis
in Figure 3.18 was switched with the y-axis. In this way, elevated shear stress becomes the
argument of residual tensile stress. The failure stress states were highlighted and plotted in
the described coordinate. A best-fit zone was generated from these points. Eventually, the
biaxial shear/tension criterion for Spectra 130d single filament was developed.

Figure 3.20 Biaxial shear/tension failure criterion of single Spectra 130d ﬁlament
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As shown in the Figure 3.20, Spectra 130d fiber expresses a loss of tensile strength
starting from shear stress of 0.75 GPa. When the shear stress is beyond 1.2 GPa, the
residual tensile strength falls off drastically. The first study about shear stress effect on
residual tensile strength of polymeric fiber was done by Hudspeth [32], which used
Dyneema SK76 single filament. In his study, Dyneema SK76 single filament can
maintain the similar tensile strength until 1 GPa shear stress. Spectra 130d fibers are
more sensitive to the effect of shear stress.

Figure 3.21 Biaxial shear/tension failure criterion of single Spectra 130d ﬁlament

In the same way, the biaxial shear/tension criterion for Spectra 100d single filament was
developed and shown in the Figure 3.21. Due to the non-uniformity of the cross sections
of Spectra 100d, the area of predicted failure envelop is relatively wide. However, it still
can imply that the tensile strength of Spectra 100d begins to reduce when the shear stress
is around 0.8 GPa. Compared to the performance of Dyneema SK76, residual tensile
strength of Spectra 100d also exhibits more sensitivity to the effect of shear stress.
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These results may help to explain why the ballistic performance of Spectra armor system
is below than the prediction. When a striker impacts a fabric system, the edge of the
striker is shearing the fabric system along the thickness, and applying shear stress to the
fiber. Meanwhile, the generated transverse wave is pulling the fiber, and applying tensile
stress to the fiber. Due to the shear stress effect, the fiber is not pulled to failure at its
original tensile strength but breaks at a multi-axial stress state, somewhere at the
decreasing ramp of tensile strength in Figure 3.19. From the results of this study, it can be
suggested that shear effect may need to be considered in the modeling of fiber and fabric
system, where another dimensionless parameter of shear effect may need to add into
Cunniff’s equation. Furthermore, this work may provide a reference value on the
improvement of fiber or fiber composite modeling to take shear effect as a consideration
for Spectra fiber.
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CHAPTER 4. SUMMARY

4.1

Conclusions

In this study, the cross-sectional profiles of single Spectra fibers were revealed. The
cross-sectional shapes of majority of single filaments changed apparently along the fiber
length. The shapes of the Spectra filaments’ cross sections showed a marked level of
variation among each fiber. A pin-gripping method was developed and utilized to grip
UHMWPE fibers. The optimized ratio of D/d (diameter of pin over diameter of fiber)
was found to be around 38, where the pin diameter was 0.8 mm. For gage length effects
on tensile strength, Spectra fibers didn’t follow the traditional weakest link behavior of
polymeric fiber, which may indicate that the periodic of the flaw appearance was very
small, at least smaller than 5.5 mm. Additionally, Spectra fibers showed distinct strain
rate effects on ultimate failure stress, at the strain rates from 0.001/s to 560/s.
Furthermore, nominal torsional strain effects on the residual tensile strength of Spectra
fibers were revealed. The residual tensile strengths of Spectra fibers at higher strain rates
were more affected by increasing nominal shear strain than the strength at lower strain
rates. A drastically reduction of tensile stress appeared after application of 14% nominal
shear strain for Spectra fibers. What’s more, multi-axial loading was found to be the most
possible reason to cause the reduction of the tensile strength with an increase in the shear
strain. For a certain shear strain, a linear function between shear stress and axial stress
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was found. By extension of the linear functions, failure stress states were predicted.
Finally, the biaxial failure criteria were generated for both Spectra 100 and 130d fibers.
For Spectra 130d, tensile strength started to decrease apparently when the shear stress
were higher than 0.75 GPa. Eventually, the biaxial shear/tension criterion of fiber may be
considered as an important parameter when choosing the potential fiber for the
application of applying high shear strain, such as high performance rope, and fishing line.
This biaxial shear/tension criteria of Spectra 130d and 100d fiber may provide a guidance
on the helical angle when weaving Spectra ropes from filaments. Besides, the result may
help explain the under-predicted ballistic performance of Spectra armor system. This
work may also provide another reference upon which to build the models of fiber and
fabric system.

4.2

Future Work

As described before, Cunniff’s equation [1] is a useful tool to help armor system
developers to predict the ballistic performance of a fiber using dimensionless parameters.
However, some limitations have been found since Cunniff’s equation was established.
One of the issues is that the impact performances of low-melting point fibers are below
than the expectation by Cunniff’s equation. It may indicate that the temperature rise
during ballistic impact and penetration process of low-melting point fiber may affect its
ballistic resistance.
Among low-melting point fibers, the most well-known fiber is Ultra High Molecular
Weight Polyethylene Fiber, which includes Dyneema fiber and Spectra fiber. Because of
their great capabilities of absorbing the kinetic energy of projectile, they are considered
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as ideal lightweight armor materials. However, their properties of high strength and
modulus may be offset by the effect of temperature rise.
Limited research has been done to investigate the temperature effect on the tensile
strength of fiber at high-rate loading. Furthermore, the temperature can affect the tensile
properties of fiber in conjunction with the shear effect. A potential work, which is
understanding the failure of UHMWPE fiber under high temperature and biaxial
shear/tension loading, may need be done. This future research may introduce another
component to the fiber and fiber composite modeling.
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Appendix A

Results of Shear Strain Effect on Tensile Strength

Table A 1 Results of shear strain effect on tensile strength for Spectra 130d at various
strain rates
Spectra 130d (0.01/s)
Shear Strain (%)

Tensile Strength (GPa)

Standard Deviation (GPa)

0.0

3.22

0.34

6.3

3.23

0.23

12.6

3.17

0.41

18.9

2.93

0.46

25.2

2.81

0.42

31.5

2.47

0.48

37.8

1.94

0.45

44.1

1.53

0.25
Spectra 130d (1/s)

0

3.95

0.31

7

3.92

0.40

14

3.70

0.48

21

3.49

0.36

28

2.98

0.38

35

2.51

0.40
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42

2.05

0.41
Spectra 130d (560/s)

0

4.19

0.42

14

4.15

0.72

21

3.60

0.47

28

3.23

0.39

35

2.54

0.29

42

1.89

0.44

49

1.49

0.23

Table A 2 Results of shear strain effect on tensile strength for Spectra 100d at various
strain rates
Spectra 100d (0.01/s)
Shear Strain (%)

Tensile Strength (GPa)

Standard Deviation (GPa)

0

3.78

0.32

7

3.57

0.31

14

3.69

0.42

21

3.45

0.43

28

3.12

0.45

35

2.49

0.54

42

2.01

0.37
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Appendix B

Results of Torsional Pendulum Experiments

Table B 1 Results of torsional pendulum experiments for Spectra130d
Shear Strain

Mass (g)

(%)

Axial Stress

Shear

Standard

(GPa)

Stress(GPa)

Deviation
(GPa)

14

21

28

35

17.68

0.465

0.179

0.020

40.58

1.068

0.337

0.049

71.68

1.887

0.506

0.055

96.82

2.549

0.594

0.042

17.68

0.465

0.179

0.020

40.58

1.068

0.337

0.049

71.68

1.887

0.506

0.055

81.48

2.549

0.594

0.042

17.68

0.465

0.257

0.050

40.58

1.068

0.462

0.094

64.09

1.682

0.638

0.093

81.48

2.145

0.748

0.087

17.68

0.465

0.288

0.034

40.58

1.068

0.652

0.073

48.40

1.274

0.739

0.117

63.87

1.687

0.839

0.109
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Table B 1 continued
42

49

17.68

0.465

0.396

0.044

25.32

0.667

0.537

0.041

40.71

1.072

0.814

0.123

54.33

1.430

1.009

0.119

17.68

0.465

0.571

0.164

25.32

0.667

0.845

0.125

40.71

1.068

1.040

0.166

Table B 2 Results of torsional pendulum experiments for Spectra100d
Shear Strain

Mass (g)

(%)

Axial Stress

Shear

Standard

(GPa)

Stress(GPa)

Deviation
(GPa)

14

21

17.68

0.605

0.085

0.014

40.69

1.393

0.180

0.018

54.13

1.853

0.227

0.034

75.42

2.582

0.332

0.025

17.68

0.605

0.157

0.025

40.69

1.393

0.340

0.041

54.13

1.853

0.422

0.056

71.49

2.448

0.510

0.077
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Table B 2 continued.
28

35

42

49

17.68

0.605

0.273

0.028

33.10

1.133

0.398

0.072

48.24

1.652

0.498

0.045

63.82

2.185

0.652

0.089

9.89

0.338

0.188

0.062

21.32

0.730

0.448

0.071

33.10

1.133

0.634

0.127

40.75

1.395

0.686

0.162

9.89

0.338

0.268

0.023

25.45

0.871

0.616

0.091

40.68

1.393

0.855

0.107

9.89

0.338

0.328

0.043

21.32

0.730

0.603

0.098

33.10

1.133

0.862

0.074
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